The objectives of these analyses were to assess the feasibility of the latest WHO recommendations (28-day follow-up with PCR genotyping) for the assessment of antimalarial drug efficacy in vivo and to examine how different statistical approaches affect results. We used individual-patient data from 13 studies of uncomplicated pediatric falciparum malaria conducted in sub-Saharan Africa, using chloroquine (CQ), sulfadoxine/ pyrimethamine (SP), or amodiaquine (AQ). We assessed the use effectiveness and test performance of PCR genotyping in distinguishing recurrent infections. In analyzing data, we compared (i) the risk of failure on target days (days 14 and 28) by using Kaplan-Meier and per-protocol evaluable patient analyses, (ii) PCRcorrected results allowing (method 1) or excluding (method 2) new infections, (iii) and day 14 versus day 28 results. Of the 2,576 patients treated, 2,287 (89%) were evaluable on day 28. Of the 695 recurrences occurring post-day 14, 650 could be processed and 584 were resolved (PCR use effectiveness, 84%; test performance, 90%). The risks of failure on day 28 with Kaplan-Meier and evaluable-patient analyses tended to be generally close (except in smaller studies) because the numbers of dropouts were minimal, but attrition rates on day 28 were higher with the latter method. Method 2 yielded higher risks of failure than method 1. Extending observation to 28 days produced higher estimated risks of failure for SP and AQ but not for CQ (high failure rates by day 14). Results support the implementation of the current WHO protocol and favor analyzing PCR-corrected outcomes by Kaplan-Meier analysis (which allows for dropouts) and retaining new infections (which minimizes losses).
Malaria is one of the leading causes of morbidity and mortality worldwide (14) . The spread of parasite resistance to first-line drugs adds to the burden of the disease (9) . A contributing factor has been the continued use of failing drugs, partly because of the difficulty of assessing their efficacy in vivo. Methodological issues still being debated include how long patients should be monitored after treatment and whether clinical or parasitological outcomes should be given greater weight. Methods used so far differ greatly, making comparison and synthesis of data very difficult (16) . The WHO has issued different sets of guidelines, shifting emphasis with time from parasitological (17) to clinical (18) assessment and more recently recommending that patients be assessed both parasitologically and clinically and monitored for 28 days if true failures are to be distinguished from new infections; it also makes provision for the use of life table analysis of results (19) .
In areas of intense transmission, a second episode of malaria or a recurrent parasitemia during the drug-free follow-up period may be due to the same infection or a different infection (a recrudescence, thus a treatment failure, or a new infection, respectively). To distinguish these two events, polymorphic Plasmodium falciparum genes, such as the merozoite surface protein 1 and 2 genes (msp1 and msp2) and the glutamate-rich protein gene (glurp), can be genotyped by PCR (13) . The duration of follow-up required to capture all true treatment failures will depend on a drug's residence time in the body (15) and the level of parasite sensitivity (21) .
We analyzed data from 13 antimalarial drug studies with the standard single-agent first-and second-line drugs: chloroquine (CQ), sulfadoxine/pyrimethamine (SP), and amodiaquine (AQ). These studies enrolled 2,576 children in eight African countries from 2001 to 2004. The aims of this analysis were to (i) determine the feasibility of in vivo assessment of antimalarial drugs by using PCR genotyping for resolving recurrent infections (use effectiveness and test performance) and (ii) compare current and alternative methods of data analysis. The current recommendation is that failure rates should be calculated on target days (days 14 and 28) by using PCR-corrected outcomes after excluding both missing values and new infections (19) . Specifically, we wanted to compare (i) treatment outcomes expressed as product limit estimates of failure (Kaplan-Meier) versus per-protocol evaluable-patient analyses on target days (days 14 and 28), (ii) analysis of PCR-corrected results allowing or excluding new infections, and (iii) day 14 versus day 28 results.
MATERIALS AND METHODS
In vivo study methods. All 13 studies included in this analysis adhered to current recommendations (19) , with a few minor exceptions (see Results). Briefly, the children, aged 6 to 59 months and with consenting caregivers, were eligible for enrolment if they had P. falciparum mono-infections (density threshold at entry varied with endemicity at the study site; lower threshold, 500, 1,000, or 2,000/l; upper threshold, 100,000 or 200,000/l), no signs of severity, no reported hypersensitivities to the study drug, and no serious concomitant febrile illnesses. We directly observed the intake of all doses (days 0, 1, and 2) and reassessed the children clinically and parasitologically on days 2, 3, 7, 14, 21, and 28 or any day in between in the event of illness. When asymptomatic parasitemia occurred after day 3, we monitored the children closely and administered a rescue antimalarial (quinine) to those who had developed fever or were parasitemic on day 28. All studies underwent ethical review and were approved by the relevant national authority.
We applied the WHO 2004 endpoint classification (Table 1) . When lateclinical or parasitological failure occurred after day 14, we used PCR (2, 11, 12, 13) to compare the genotypic profiles of msp1 and msp2 for post-and pretreatment parasites (in Bundi Bugyo, Uganda, glurp was also analyzed due to the low allelic heterogeneity of local isolates). PCR analyses were conducted at Prince Leopold Institute of Tropical Medicine, Antwerp, Belgium (four sites, 37% of total samples); University of Glasgow, Glasgow, United Kingdom (three sites, 19% of total samples); Hôpital Bichat, Paris, France (two sites, 15% of total samples); Shoklo Malaria Research Unit, Mae Sod, Thailand (one site, 9% of total samples); Kenya Medical Research Institute, Nairobi, Kenya, and Malaria Research and Training Centre, Bamako, Mali (one site each, 8% of total samples); and Faculté de Médicine-Pharmacie, Rouen, France (one site, 4% of total samples). Methods were not standardized across these laboratories, which used different extraction methods, primers, and reaction conditions.
Cases in which pre-and posttreatment genotypes were identical were considered failures; cases in which pre-and posttreatment genotypes were different were considered new infections; cases with mixed genotypes were classified as failures. It is generally agreed that, contrary to epidemiological studies, the persistence of pretreatment alleles after treatment indicates a failure to clear all parasites. In the studies, there was no provision (except in Bundi Bugyo; see above) for establishing the a priori diversity of the parasite population.
PCR genotyping. For each study, we identified cases requiring PCR genotyping, i.e., children with a recurrence after day 14 (it is generally assumed that, for P. falciparum, recurrences on or before day 14 are recrudescences). These cases were classified as either (i) resolved by PCR and further categorized as recrudescences or new infections or (ii) unresolved by PCR, with the reason recorded (missing sample, failure to extract DNA, or result not interpretable). PCR genotyping was assessed in terms of (i) use effectiveness, defined as the number of cases resolved by PCR divided by the total number of children with recurrences after day 14 (the denominator includes missing samples), and (ii) test performance, defined as the number of cases resolved by PCR out of the total number of paired samples available for genotyping (the denominator does not include missing samples).
Failure rate (day 14 and day 28 evaluable-patient analysis) versus KaplanMeier analysis. Failure rates at day 14 and day 28 were calculated using the method of analysis recommended by the WHO (18) and compared to the product limit estimates of failure obtained by Kaplan-Meier analysis. The WHO method takes into account only patients with an outcome on the target day (day 14 or day 28) (evaluable patients). The Kaplan-Meier method allows for dropouts (losses during follow-up and withdrawals). In our Kaplan-Meier analysis, the event measured was "failure" and the time to the event was the duration of the follow-up (either 28 days for patients generating adequate clinical and parasitological response [ACPR] at day 28, x days for patients who failed at day x of follow-up, or the number of days of follow-up until the last visit for patients lost during follow-up or excluded). For both methods, we calculated the number of patients included in the analysis and the risks of failure and compared these figures between the two methods.
Day 28 PCR-corrected results for two methods of analysis. The WHO currently recommend calculation of failure rates on target days by using PCR-corrected outcomes after excluding both missing values and new infections (19) .
We genotyped only recurrences occurring after day 14 and assumed all earlier failures to be recrudescences. Two methods of analysis were used. For method 1, all PCR-confirmed new infections were reclassified as successes (ACPR), with individuals unresolved by PCR excluded. For method 2, individuals with new infections or infections unresolved by PCR were excluded from the analysis, per the current WHO approach (19) . For both methods, results are presented by drug and study site as probabilities of failure [1 Ϫ S t , where S t is probability of survival] on day 28 with 95% confidence intervals (CIs). Since recurrent episodes occurring on or before day 14 were not genotyped, for day 14, we report only crude (uncorrected) results (with no comparisons between data for methods 1 and 2).
Day 14 versus day 28 failures. Estimates of risk of failure by days 14 and 28 were analyzed separately (Table 1) , based on results obtained with method 1 and Kaplan-Meier analysis. Comparisons were expressed as absolute differences (summarized across sites as medians and ranges). Correlations between day 14 and 28 results were expressed as coefficients of correlation.
Data analysis was performed using Stata 8.2 (Stata Corp., College Station, Texas).
RESULTS
Study profiles. The 13 studies analyzed children aged 6 to 59 months enrolled in 28 treatment arms in eight countries in Africa between February 2001 and July 2004. Malaria was hyperendemic in all sites except three ( Table 2 ). All studies were performed according to the latest WHO recommendations, with minor deviations at some sites (the lower limit of parasitemia at entry was 1,000 parasites/l instead of 2,000 for Bundi Bugyo; the upper limit of parasitemia at entry was 100,000 parasites/l instead of 200,000 for Bundi Bugyo, Mapel, Caala, and Kuito; fever or history of fever in the previous 24 h instead of fever at entry was noted for Harper, Caala, and Bundi Bugyo; and there was primary exclusion of children with recent histories of antimalarial intake for Bundi Bugyo, Harper, Caala, and Kuito).
Ten studies were compared: five studies (Angola Caala, Chad Bongor, Sierra Leone Kabala, Sierra Leone Kailahun, and Sierra Leone Makeni) compared all three drugs, three Of the 9,610 patients screened (based on data available from 12 studies), 4,087 (42.3%) were slide positive; 2,576 (26.8%) were treated with CQ (n ϭ 593), SP (n ϭ 989), or AQ (n ϭ 994) (see Table 3 for details); 112 (4.3%) patients were lost during follow-up (64 before day 14, 48 on or after day 14); and 177 (6.9%) were withdrawn (127 before day 14, 50 on or after day 14). The characteristics of these patients on inclusion are reported elsewhere (1, 3, 4-8, 10) .
PCR findings. Among the total of 695 children with recurrent parasitemia after day 14, the question of recrudescence versus new infection could not be resolved for 111 (16.0%), either because at least one sample was missing (41%), because DNA could not be extracted (18%), or because the result was not interpretable (41%) ( Table 2 ). Among the 584 children for whom this question could be resolved, 334 (57%) had recrudescences and 250 (43%) new infections. With the exception of those for Bundi Bugyo (Uganda), infections were polyclonal (six to eight alleles for msp1 and msp2). The use effectiveness of PCR was 84% (584/695), and its test performance was 90% (584/650). The median value for failure to genotype was 4% (range, 0 to 33). There was no obvious difference between laboratories in terms of test performance.
Risk of failure: per-protocol versus Kaplan-Meier analysis. By day 14, 8% of the 2,576 children had been lost during follow-up or withdrawn and are not included in the estimation of risk of failure based on evaluable children, while with the KaplanMeier method, only children with no follow-up (i.e., lost at day 0) are not considered (1%) ( Table 4) . By day 28, 11% of enrolled children had been lost during follow-up or withdrawn. After PCR correction, the loss from the initial sample size was 6% for Kaplan-Meier and 15% for day 28 evaluable-patient analysis (method 1); losses were 15 and 25%, respectively, after removing new infections (method 2). Figure 1 shows the differences in sample size (percent differences between data sets for Kaplan-Meier and evaluability analyses) and estimated risk of failure (risk difference) on day 28 (PCR corrected, with unresolved genotypes removed [method 1] and unresolved genotypes and new infections both removed [method 2]) for the two analyses. There were 256 more patients in the data set for the Kaplan-Meier analysis than in that for the evaluable-patient analysis (6%); proportionally, with the larger sample used for method 1, the difference between the results for the Kaplan-Meier and evaluable-patient analyses was smaller with method 1 than with method 2. Failure rates were lower with the Kaplan-Meier analysis and with method 2 in all studies but one (DRC Boende). Risk differences ranged from Ϫ2.3% to ϩ0.9% for CQ, Ϫ1.8% to ϩ2.3% for SP, and Ϫ1.8% to ϩ1.2% for AQ with method 1 and Ϫ9.7% to 0% for CQ, Ϫ2.2% to ϩ0.2% for SP, and Ϫ1.5% to 0% for AQ with method 2.
Day 28 results for two methods of PCR analysis. Table 3 shows failure rates at day 28 estimated by Kaplan-Meier analysis with the two methods for analysis of PCR-corrected outcomes. Method 2 (unresolved genotypes and new infections removed) yields higher failure rates than method 1: ϩ2.9 (range, ϩ1.6 to ϩ10.7) for CQ, ϩ1.15 (range, 0 to ϩ10.5) for SP, and ϩ2.4 (range, ϩ0.1 to ϩ6.6) for AQ.
Day 14 and day 28 Kaplan-Meier failure estimates. Because method 1 minimizes the number of patients lost in the analysis, we used it to compare risks of failure assessed at days 28 and 14 (Fig. 2) ; the median differences were Ϫ5.9% (range, Ϫ15.0 to ϩ15.0) for CQ, ϩ9.8% (range, Ϫ15.6 to ϩ16.8) for SP, and ϩ9.8% (range, Ϫ1.6 to ϩ18.1) for AQ. The reason for the risk of failure being lower in some instances on day 28 than on day 14 is that we compared outcomes for the analyses of two different data sets (Table 1) . Considering all studies, the coefficient of correlation was 0.94 between day 14 and day 28 results but was 0.89 for CQ, 0.67 for SP, and 0.50 for AQ.
DISCUSSION
There has been extensive discussion as to how efficacy of malaria treatment should be assessed, particularly in areas of intense transmission. The "ideal"-follow-up sufficiently long for all true treatment failures to emerge and be identified, combined with the ability to discriminate correctly between recrudescence and new infection in all cases-is currently unattainable. Getting as close as possible to the ideal presents practical problems, especially concerning duration of posttreatment follow-up (feasibility and risk of new infection proportional to intensity of transmission), outcome measures (clinical or parasitological criteria), and discrimination of recrudescence from new infection. The revised WHO protocol with a 28-day follow-up and PCR genotyping of recurrent infections addresses some shortcomings of earlier protocols. However, questions are raised as to its feasibility in field conditions as well as optimal methods for analysis of PCR-corrected outcomes.
We attempted to address a series of methodological issues related to the evaluation of treatment outcomes in pediatric uncomplicated malaria in Africa by analyzing 28 treatment arms enrolling a total of 2,576 children on antimalarial monotherapy.
We found that, with suitable resources, the currently recommended 28-day follow-up is feasible even in relatively prob- lematical field conditions (dropout rate, Ͻ5%; total exclusions by day 28, 11%). Extending the period of observation from 14 to 28 days resulted in higher estimated risks of failure for SP and AQ but not for CQ, for which the failure rates by day 14 were already extremely high. For AQ, the drug with the lowest failure rates at day 14, the estimated failure rate was commonly increased twofold or more when the follow-up was increased to 28 days. The gain in information varied with the drug and the site (as a function of underlying levels of drug resistance and transmission intensity, etc.). This longer follow-up requires, however, that recurrent isolates be genotyped. This too proved feasible and adequate in these studies. Without PCR genotyping, 36% of the recurrent parasitemias after day 14 (250/696 recurrences) would have been wrongly classified as failures. This would have led to 1,048 cases being considered failures by day 28 (352 by or before day 14 plus 696 between days 14 and 28), thus overestimating the risk of failure overall by about one-third. While not all recurrences could be ascribed to either a new infection or a recrudescence (for 6%, a paired sample was not available, and for an additional 10% of cases, genotypes could not be resolved due to DNA extraction problems or because the result was not interpretable), in these studies, PCR genotyping performed very well (overall use effectiveness, 84%; test performance, 90%). Samples were genotyped in different laboratories by using nonstandardized methods. While this may be seen as a methodological deficiency, it makes these results representative of the variety of conditions applied in real life. In order to optimize the use of PCR genotyping, it is important to calculate the pretest probability of the same genotype occurring in the same individual pre-and posttreatment.
We followed today's prevailing practice of genotyping only post-day 14 recurrences. However, we have (yet unpublished) evidence from Uganda and Burkina-Faso that new infections can be documented also pre-day 14. More research is needed to further clarify the role and conditions under which PCR genotyping should be done and analyzed, including the discrimination power of PCR to correctly classify recurrent parasites.
A number of approaches are available for analysis of PCRcorrected data. We compared current and alternative methods of analyzing outcomes; our data set was large and heterogeneous. Given the high rates of follow-up and the high use effectiveness of PCR achieved, the results obtained from the different approaches were very similar in most instances, but when the WHO protocol is applied in routine conditions, variable dropout rates can be expected. Based on the principle that one should discard as little information as possible, we favor the use of Kaplan-Meier analysis in conjunction with treating new infections as treatment successes (method 1). In our data, this resulted in only 6% of patient data being lost for the entire 28-day study; by contrast, the current method (with patients evaluable at target day and excluding new infections) results in a substantial reduction in sample size (25%). This has consequences for sample size calculations in studies, particularly when dropout rates during follow-up are high (particularly if follow-up is further extended for drugs with long half-lives). A further extension to this approach, to avoid losing all the information provided by patients for whom PCR fails, would be to use multiple imputation, and we believe that this is worthy of further investigation. Indeed, there are pending issues with the criteria used to ascribe a recurrent isolate to a new or recrudescent infection.
Our results are in line with the WHO recommendation for use of life tables in analyzing in vivo study results (19) .
When comparing outcomes on days 14 and 28, the correlation coefficient calculated for all studies appears reasonable but is misleading (influenced by the spread of data and the high failure rates for CQ at both day 14 and day 28). There was poor correlation with AQ. It should be noted that these analyses pertain to single-agent treatments which are no longer recommended. The WHO is now encouraging a review of drug policy when PCR-corrected failure rates at day 28 exceed 10% and the use of effective treatments, notably artemisinin-based combinations, including some with drugs with long residence times (20) . The new policies will exacerbate the need for extended follow-up and for accurate assessment of true failure rate.
In conclusion, our results support the implementation of the latest WHO protocol (28-day follow-up with PCR genotyping), which proved feasible in field conditions. While this protocol is more demanding for staff and carries extra costs, it is clear that it provides a clearer picture of the level of resistance than a follow-up of only 14 days, notably in the initial phase of the establishment of resistance. To make maximum use of the data, we favor analyzing PCR-corrected outcomes with the Kaplan-Meier method and retaining new infections as treatment successes.
